Understanding of the mechanisms of maternofetal solute and water exchange across the placenta is an absolute prerequisite for understanding the nutrition of the fetus. For most of pregnancy there are two main cellular layers separating the maternal and fetal blood in the placenta, the syncytiotrophoblast and the fetal capillary endothelium [l] . T h e former is the transporting epithelium of the placenta and, uniquely in the human body, forms a true syncytium. T h e fetal capillary endothelium has permeability properties trpical of continuous capillaries elsewhere, i.e. it has high permeability to small solutes but restricts the diffusion of large molecules such as albumin [2] . Evidence to date suggests that there are four primary mechanisms of solute transfer across the human placenta: flowlimited diffusion, paracellularltranscellular diffusion, transport protein-mediated transfer and endocytosislexocytosis.
Flow-limited diffusion is the mechanism by which small hydrophobic molecules (e.g. the respiratory gases) move across the placenta. These have high solubility in the plasma membrane so that they are able to utilize the whole surface area of the placenta for diffusion. Therefore their rate of transfer is more dependent on their rate of delivery to and carriage away from the exchange surface (i.e. on the uteroplacental and fetoplacental blood flows) than it is on the permeability of the placenta to them [l] .
There is now good evidence that hydrophilic molecules are also able to diffuse across the placenta. Furthermore, such diffusion may conAbbreviations used: Em, electrical potential difference across the microvillus plasma membrane. 'To whom correspondence should be addressed. tribute a relatively large proportion of the total unidirectional fluxes in each direction (maternofetal and fetomaternal) [3] although its contribution to net flux (the sum of the two unidirectional fluxes) may still be quite small, depending on the prevailing driving force for diffusion, i.e. the electrochemical gradient. T h e routes of such diffusion remain controversial but probably include transcellular movement across the plasma membrane (especially for small solutes less than 200-300 M,, although at a much lower rate than for hydrophobic molecules [4] and paracellular movement through extracellular water-filled pores or channels in the syncytiotrophoblast and fetal capillary endothelium. This latter route is considered in more detail below.
The transfer of some hydrophilic molecules will also be catalysed by the presence of specific transporter proteins in the microvillus (maternalfacing) and basal (fetal-facing) plasma membranes of the syncytiotrophoblast. These may operate only in the direction of favourable electrochemical gradients or may utilize ATP (directly or indirectly) to transport molecules against such gradients. Transporter proteins may impose directionality on transfer, because they transport against electrochemical gradients and/ or because of asymmetry in their distribution between microvillus and basal plasma membranes [ 13. Large molecules such as immunoglobulin G appear to be transferred across the syncytiotrophoblast and, perhaps, the fetal capillary endothelium by endocytosis at the maternal-facing plasma membrane, vesicular diffusion across the cytosol, and exocytosis at the fetal-facing plasma membrane. Although easy to conceptualize, this Volume 26 mechanism is probably the least well understood of the four described [l].
T h e remainder of this review will focus on elucidation of the route of paracellular diffusion and gestational changes in transporter proteinmediated transfer.
Paracellular diffusion across the human placenta
T h e evidence that paracellular diffusion across the human placenta occurs comes from several studies, both in vivo and in vitm, which show that there is an inverse correlation between the rates of transfer of a series of inert hydrophilic molecules (e.g. creatinine, mannitol, CrEDTA, inulin, horseradish peroxidase) and their coefficients of free diffusion in water [5-111. The simplest explanation of these data is that they arise from diffusion of molecules through extracellular water-filled routes in the syncytiotrophoblast and fetal capillary endothelium: a paracellular route. This raises a problem, because, whilst the endothelium does have lateral intercellular spaces which would provide such a paracellular route across this cell layer, as already mentioned the syncytiotrophoblast is considered to be a true syncytium which, by definition, does not have intercellular spaces. Part of the explanation, at least for the smaller molecules, creatinine and mannitol, is probably that they can diffuse across the microvillus and basal plasma membranes of the syncytiotrophoblast at a significant rate [3,4] i.e. take a transcellular route. However, this is unlikely to explain the diffusion of the larger molecules, particularly the proteins, the diffusion of which fits the general pattern [ll].
Two further explanations of the morphological nature of the paracellular route, not mutually exclusive, have therefore arisen.
Firstly, Kaufmann and colleagues have provided data which suggest that there may be tubular structures across the syncytiotrophoblast which provide a conduit for diffusion [12]. These are not normally visible in the syncytiotrophoblast, perhaps because they are too narrow, but may be visualized by imposing a hydrostatic pressure, using the in vim perfused human placental cotyledon, which theoretically causes bulk flow of water and expansion of the tubules into the vacuoles and bag-like structures which can be observed in the syncytiotrophoblast under such conditions. Lanthanum, included in the perfusate as a paracellular tracer which can be rendered visible, was shown to be localized to the vacuoles [12]. T h e authors were not able to provide a micrograph showing a vacuole simultaneously open to extracellular water on the fetal side and on the maternal side, i.e. a complete channel. However, it might be that a simultaneous opening is such a rare event that one would not expect to see it, also bearing in mind that it might be missed because of plane of section.
We have provided evidence that there is another paracellular route in the syncytiotropho- 
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I998 nutritional or other stresses on the fetus and placenta. From the above, the morphological correlate of the physiologically defined paracellularltranscellular route of diffusion of hydrophilic solutes across the placenta is likely to be multifaceted. As this route can potentially contribute significantly to the net flux of nutrient to the fetus, it will be interesting, in future work, to determine whether and how it is regulated.
Gestational changes in transport protein-mediated transfer
The vast majority of work on the human placenta has been carried out following deliveIy of the organ at term. However, the transport mechanisms present at this late time in gestation may be quantitatively and qualitatively quite different to those operating earlier in pregnancy. This is supported by animal studies which show marked changes in the paracellular permeability of the placenta to hydrophilic solutes and in active transport of calcium to the fetus over the last trimester of pregnancy [19] [20] [21] [22] . The total net flux of solute and water across the placenta over term. Changes in flux across the microvillus plasma membrane may be brought about both by changes in driving force and by changes in the expression and kinetic properties of transporter proteins. We have investigated aspects of both these variables.
The electrical potential difference across the microvillus plasma membrane (Ell,) is an important driving force for ion uptake into and efflux from the syncytiotrophoblast. As with all membrane potentials the magnitude and polarity of Em is dependent on the relative activities of ions in the cytosol to those in the plasma as well as on the permeability of the plasma membrane to the different ions. T h e latter is dependent on the number and nature of ion-channel proteins in the plasma membrane. Using microelectrode techniques to measure Ell, in individual villi isolated from first trimester and term human pla- Table I Total net flux of solute and water across the human placenta calculated from increases in fetal weight over various periods of gestation any period of gestation can be assumed to be proportional to the change in fetal weight and so ceptus weight, and therefore net flux, of amniotic from ~3 9 -4 11, fluid, which might be significant). Data on fetal and placental weights throughout gestation in the human are somewhat sparse, particularly for early pregnancy, and are subject to a variety of errors. However, Table 1 shows total net flux across the human placenta at various stages in gestation calculated, with the above assumption, from three sets of data. Also shown is the acceleration in net flux in terms of g/g placenta per week'. Although there is, not surprisingly, considerable variability, the conclusion is that net flux across the placenta accelerates at the fastest rate during the second trimester. Therefore it seems reasonable to postulate that there might be considerable changes in the transporting capability of the placenta towards the end of the first trimester and in the early second trimester in order to enable this acceleration to occur. We have tested this hypothesis by comparing the transport physiology of the syncytiotrophoblast microvillus plasma membrane from first and second trimester human placenta with that at Pre-and Post-Parturn Nutrition and Metabolism centas, we found that the Em is significantly hyperpolarized (i.e. the inside of the cell is relatively more negative) in the former as compared with the latter [23] . By splitting the first trimester data into that obtained from villi of placentas of less than or more than 11 weeks gestation, we found that most of the change in Em actually occurred in the later part of the first trimester [23] . Further experiments, in which the change in Em following a change in KCI concentration of the bathing solution was measured, revealed that the slope of the regression line correlating these two variables was significantly steeper in the first trimester as compared with term villi [23] . This suggests that the K+ permeability of the microvillus plasma membrane is greatest in the first trimester.
The syncytiotrophoblast is enlarged, throughout gestation, by the differentiation and fusion of cytotrophoblast cells [24] . These may be isolated from the term placenta and in culture they differentiate and fuse to form multinucleated islands reminiscent of the syncytiotrophoblast [25-271. We used the microelectrode technique and the cultured cytotrophoblast cells to investigate whether at least part of the change in E,,, over the first trimester might be related to the differentiation process. This idea was supported by the data showing that Em of the less differentiated, mononucleate cells was hyperpolarized as compared with the differentiated, multinucleate cells [26] . Preliminary data [28] obtained using the whole cell patch clamp technique, show that the change in Em during differentiation of the cytotrophoblast cells in culture is accompanied by increasing incidence of a K+ conductance with characteristics strongly resembling a member of the KIR family of inwardly rectifying K+ channels, KIR2.1. T h e gene for this channel is abundantly expressed in mononucleate and multinucleate cytotrophoblast cells [29] .
Transporter protein activity and expression has been investigated by using Mg2+ precipitation and differential centrifugation to isolate the microvillus plasma membrane from placentas at various stages of gestation. Vesiculation of the membrane allows the uptake or efflux of solute to be measured and the initial rate of either provides an estimate of transporter protein activity. Using this technique it has been shown that there are significant increases in the activity, per mg microvillus plasma membrane protein, of the N a + / H + exchanger between first trimester and term [30] but no change in the activity of the CI-/HCO; exchanger [31]; these two transporters most likely have an important role in the pH homeostasis of the syncytiotrophoblast and also, possibly, of the fetus. The change in activity of the Na+/H+ exchanger is also borne out by studies on the intrasyncytiotrophoblast pH of isolated placental villi from first trimester and term [32] . Furthermore, using Western blotting of microvillus plasma membrane vesicles we have recently obtained data suggesting that there is an increase in expression of the NHE2 and NHE3 isoforms of the Na+/H+ exchanger, though not of the NHEl isoform between first trimester and term (J. Hughes, T. Powell and T. Jansson, unpublished work). In the same blots there was no change in the expression of the AE1 anion exchanger protein in agreement with the activity data and previous preliminary findings [33] . Na+ uptake by second trimester vesicles appears to be higher than that in first trimester but similar to that at term; C1-uptake via the anion exchanger is higher in second trimester than it is in either first trimester or term vesicles (J. Hughes, unpublished work).
The activity of the system A amino acid transporter (which transports small neutral amino acids such as glycine) in the microvillus plasma membrane increases 4-fold, per mg membrane protein, between the first trimester and term [30, 34] but does not seem to change, in normal pregnancy, between 28 weeks and term [35] . Finally, it has been shown that glucose uptake and the expression of the GLUT1 glucose transporter is similar in second trimester microvillus plasma membrane vesicles to that at term [36] but the activity and expression of this transporter has not yet been measured in first trimester membranes. This may prove interesting because the oxygen consumption of first trimester villi is higher than that at term [23] .
The data summarized above are generally in accord with the hypothesis that the major changes in the transporting capacity of the placenta, more specifically of its microvillus plasma membrane, occur between the first and second trimesters, in association with the requirement for an acceleration in net flux to allow normal fetal growth. However, it is important to remember that the activity of the transporters we measure in vitro may be modified by hormonal and other influences in vivo. Furthermore, driving forces have to be taken into account; although the activity of the Na+-dependent (thus membrane potential sensi-tive) system A amino acid transporter in the microvillus plasma membrane is increased 4-fold between first trimester and term, Em becomes 25% less negative during the same period. Thus, if concentration gradients and other influences stayed the same, the flux of amino acids transported by system A (e.g. glycine) across the microvillus plasma membrane would only go up There is a considerable amount still for us to learn about gestational changes in placental transport. Such knowledge will be crucial in understanding nutrient transfer to the fetus and the control of fetal growth, important because of the increasing evidence that the baby which fails to attain its genetic growth potential is at increased risk of mortality and morbidity, not only in the neonatal period but also extending into adulthood [37, 38] .
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Introduction
In many species size at birth is positively correlated with placental weight. Examples of this relationship include the observation of a heavy placenta and infant following a poorly controlled diabetic pregnancy [ 11, whereas intrauterine growth retardation is often accompanied by a light placenta [2]. More recently it has become apparent that subtle changes in placental mass, which are often not associated with any large perturbations in the weight of the newborn, can be clinically important [3]. T h e significance of these findings has been emphasized following the identification of a close relationship between altered conformation at birth in conjunction with a greater or a smaller placental mass and the occurrence of cardiovascular disease in adult life [3-61. In particular two groups of infants have been identified as having increased vulnerability to hypertension and diabetes during adulthood. These infants were characterized as being either long and thin, or short and fat at birth [3-61. It remains to be established whether the primary risk factor is a disproportionately large placentalto-fetal weight ratio as originally highlighted [3-51 or a small placenta as recently described [6]. Moreover, the extent to which a mother is at risk of producing an infant with a smaller as opposed to a larger placenta appears to be directly linked to her body mass index [6]. In addition the consequences for development of the fetal hypothalamic-pituitary endocrine axis and subsequent growth and maturation of fetal Abbreviations used: BAT, brown adipose tissue; T.1, triiodothyronine; TRH, thyrotrophin releasing hormone; GDP, guanosine diphosphate. ' To whom correspondence should be addressed. tissues in preparation for postnatal life remains to be established.
Maternal nutrition and placental growth
In sheep placental weight normally peaks by mid-gestation [7] . Few studies have determined whether nutritionally mediated alterations in placental growth can extend to term or what their impact is on conformation of the newborn. However, where such measurements have been made, results obtained at term have been confounded by a compensatory increase in maternal nutrition compared to controls over the second half of gestation [8]. We have demonstrated that feeding singleton-bearing ewes at close to half their energy requirements for maintenance and pregnancy between 30 to 80 days of gestation restricts placental growth. At 80 days of gestation mean weight of individual placentomes and total weight of the fetal component of the placenta were lower in nutrient-restricted ewes as compared with controls; there was no difference in fetal weight [9]. Maternal plasma concentrations of glucose and free fatty acids were unaffected by nutrient restriction, but maternal plasma thyroid hormone concentrations were reduced. This maternal endocrine response could be important with respect to placental development because thyroid hormones have been proposed to influence placental steroid hormone synthesis in early gestation [lo] .
When nutrient-restricted ewes are refed in order to fully meet their maintenance requirements for the remainder of pregnancy (i.e. from 80 to 145 days of gestation) the expected decline in placental weight was not observed ([11,12], Figure 1 ). In addition, these ewes produced
